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Source characteristics of basalts in Sanshui Basin and the early tectonic evolution stage of the South China Sea
ZHANG Yu, FANG Niangiao
School of Ocean Sciences, China University of Geosciences, Beijing 100083, China

Abstract: It is an important issue in the study of the origin of the South China Sea (SCS) whether the SCS evolved in an intracontinental rift
stage before its opening up. The Sanshui Basin is located on the northern margin of the SCS. The Cenozoic eruption of the bimodal volcanic
suggest that the basin was a continental rift. The major and trace elements of the basalts indicate that the basalts in Sanshui Basin can be divided
into sub-alkaline and alkaline basalts series. Both of them show obvious Nb and Ta positive anomalies. Compared with the continental crust,
they have lower Th/Sc, La/Nb and U/A1x1000. “’Ar-*’Ar age and previous chronology results suggests that the eruption of basaltic magma was
intense in 61~ 54 Ma, while the eruption of sub-alkaline basalt (60 Ma) is earlier than alkaline basalt (56 Ma). Based on the mantle melting
column model, the temperature and pressure of the subalkaline magma source range from 1 517°C (3.03 GPa) to 1 471 °C (2.25 GPa), in a depth
of 101~76 km, while the alkaline magma source range from 1 555°C (3.33 GPa) to 1 506°C (2.48 GPa) in a depth of 110~84 km. According to
the source of magmatism and rock assemblage, it is concluded that the Sanshui Basin was a Paleocene continental rift. Comparing the temporal
distribution and source magmatic activity in the spreading period between the Sanshui Basin and the South China Sea, it is inferred that there is a
long time interval between the magmatic activity of the Sanshui Basin and the spreading of SCS, and the deep process is quite different. There is
no direct relationship between magmatism in the Sanshui Basin and the spreading of SCS.

Key words: basalt; Sanshui Basin; evolution of the SCS; magmatic source; mantle melting column model
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Fig.1 Location and geological map of Sanshui Basin

a. the distribution of volcanic basins to the northern part of South China Sea (modified from reference [13]), b. the geological map of Sanshui Basin.
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Table 1 Field and microscopic characteristics of basalts in Sanshui Basin
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Fig.2 TAS diagram of basalt in Sanshui Basin

The orange line is the alkaline-subalkaline boundary,

according to reference[28].
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A i RE SR A Th, Fit i BISRESC A, A Sk R
B b A A Sr [l AR X T 8 Ze, AR E, X
RAMBEITCRAGRAI—M IR, 5EmT
5 ICE Nb, Ta MK B F ¢ A1 0% Ba, Ti 2 ML

(8Eu=0.99~1.27, §Eu=

T 1, Th, Pb, Sr. Zr [ & & 2 B By i 2400, %%
AR A 0

4 R

AR FE R 4 A4 M X be 2 AR T 2.5% H 8%
TR TC AU 1 A R R T I, S
FE R A SRR IR 2 40 H Y UK, R G B AR S
ATTE R, AR 90 K B AR i B B 2 o 2
FHA T e, AT 2R 1 mm R Rz, 76 B R
T RER A ST Bt v Sy MERAURT 24 he BRSNS S Y
FE 7R 8 = B2 T R S A R iR AT B BT
TRFRE, FH &8 #5895 19 NG PREP SYSTEM #l4fifk,
RG4S B BORE R SR o IR T YA AR/
T 1.0x10"° mol, 1 300 °C B, A& JE/NTF 1.0x10* mol,
JH Helix SFT #1131 A3 i 2500 2 G 19 ] o7
FIE . HBIHR S BRI 5 BT Ar
T 43 & B K ArArCALC ver2.4 B4, 22 4 5 1%
KL, JF FIA 5 0 FRAR IS, ] 05 Jr it
B OAS Ar WG O H e SRR 2R IS . TAREARIE
i GBWO04 418 ffi [N f1, H K=(0.729+0.005) %, Ar=
109.06x10° CCSTP/g, 4F-#%{E 4 (2 060+8) Ma, ZBH-
25 M b, H K=7.599%, Ar=1.816x10" mol/g, 4F %
1B A (2 060+8) Ma, I 4E T4 78 Jb 50 &% T2k b i BF
FEBESE M . DRSS 5 LA 4.

AR BIE 5E D B X R A A Ar ¥ IR (E
(282.0+45.1~330.9+26.4) £z i o W% K F J& /R {8 (3
TR AMH 295.545), UhHIFE i A & i G . 5500
ZEA A TE AR IR BOL AR I8 (167~ 158 Ma) 1= 22 1)
K, HPAr BECRBAK (4.7%) , 76 S R BE RS T 4
R E AR B, ORI AR % (59.76+0.72) Ma fF
R B X RE AR IS o AR X RCA TR A IR B
RS B AR W (A R B R AR e, H AR I AR IR
((58.14+0.37) Ma) 7 1 22 35 [l N 5 42 R BOIM AR 1%
564 — B, SO AR IS HUE A (58.70+0.30) Ma. £ 3k
P2 REBR T 7RI T B BRI 0.9% 1) — 4
LA IS 63 Ma Z Ak, HAh IR By 0 4F I #R AL A 15—,
PR ot ) R SR BB A AR % (57.60+0.2) Ma 1E R 4F %
o FAR K XA 7E m B AR T 8 o fae 4
W& BF, 15 25 I 2R 4F I (56.46+0.89) Ma 1 1% 22 15 Bl N
— 5, R, SR FH B4R % (57.03+0.62) Ma {1 oy HiA4F
% AR X A AR BLRAS T 27.90 il 44.15 Ma
PN BLAE IS, P Ar BRI 43 51 R 14.77% Fi 12.41%,
Al BESE BT S AR R Bl ik s, Hirh 27.90 Ma
(14 A 1% P15 52 158 Tl A 180 3000 4534503 1 v 1A (29.27 Ma)
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Table 3

ZKBMZTREMETLREMNAER

Trace elements of basalts in Sanshui Basin

ng/g

BERGIE

Y La

Ce Pr Nd Sm Eu

Gd Tb Dy Ho

Er Tm

Yb Lu

Li

Be

Sc

v

Cr

Co

%
|

ZD-201-A

ZD-201

14SSZD-N

14SSZD-S2

ZD-101

14SSZD-S1

ZD-202

ZD-203

18SS082-1

18SS082-2

28.73 30.17

27.26 29.07

29.40 28.10

28.20 28.70
27.46 29.56
28.50 29.30
28.86 31.26
29.10 32.99
30.00 27.80

30.60 28.10

53.38 6.88 2827 6.66 2.17

51.27 6.55 27.06 6.50 2.12

5340 6.61 27.40 6.23 2.09

54.00 6.57 26.70 6.01 1.98

51.97 6.61 27.05 6.34 2.09

5470 6.69 27.20 6.11 2.01

56.35 2753 6.12 215

58.52 28.69 630 222

51.60 2720 6.44 225

53.60 2730 6.17 2.17

6.24

5.95

6.23

5.91

5.98

6.09

5.81

6.09

5.00

5.28

1.11

1.06

1.00

0.95

1.06

0.97

0.97

1.01

0.99

0.99

6.05
5.65

5.59

5.41

5.57

5.44

5.82

5.99

5.17

4.90

1.10 2.67 0.46

1.06 2.54 0.44

1.06 2.81 0.41

1.02 2.73 0.40

1.05 2.58 043

1.04 2.78 0.41

1.07 293 0.44

1.12 3.06 0.47

1.07 240 0.46

1.07 242 047

2.88
2.77
242 036
245 037
2.67 0.63
2.44 037
2.83 047
293 048
293 038

2.84 0.37

11.14

19.19

10.12

10.50

7.57

0.62 22.48 1.88 23.08

165.40 217.60 41.94

0.60 21.49 1.65 21.50 155.00

1.61 21.20 159.00

1.67 20.10 148.00

1.75 22.47

164.90

1.56 20.70 151.00

1.66 21.52

1.64 21.26

153.10

152.70

1.35 22.10 177.00

1.71 21.90 185.00

192.00

139.00

184.00

199.30

196.00

155.70

147.20

165.00

173.00

37.32

42.80

38.90

40.25

40.80

41.29

39.92

62.30

60.50

(H:

XE

WIG-201

WIG-203

WIG-204

14SS012¢

14SS012b

14SS012

18SS083-3

28.26 41.89

29.70 42.86
26.46 39.96
27.10 37.60

28.50 39.20

26.10 37.20

29.50 37.10

76.19 3598 731 253

77.97 36.70 743 255

71.27 33.69 6.76 233

70.70 3470 7.06 2.39

74.20 36.40 7.51 2.50

70.00 3420 7.02 238

70.20 3570 727 242

6.72

6.77

6.29

6.69

7.00

6.54

5.76

1.04

1.04

0.96

1.00

1.06

0.99

1.07

591

5.94

5.47

5.31

5.65

5.23

4.99

1.07 2.89 043

1.09 298 043

0.99 0.40

1.00 2.61 0.37

1.05 2.80 0.39

097 253 0.35

1.09 229 0.38

2.66 0.42

2.74 0.44
252 041
2.07 0.32

228 0.34

2.01 0.30

2.52 037

28.13
35.39

32.64

25.00

1.58 23.85

211.20

1.68 22.69 206.40

1.58 20.69 191.00

1.56 21.00 211.00

1.51 23.40 217.00

1.50 20.70 197.00

1.53 20.60 215.00

154.40

116.20

109.70

116.00

153.00

119.00

113.00

41.93

43.74

40.45

45.60

43.50

38.20

63.10

il |

14SS004-2

18SS079-2

17SS060-1

17S8S060-2

18SS079-1

18SS081-8

18SS081-7

24.20 24.00

25.10 23.10

29.20 26.20
26.40 23.90
25.10 22.80
24.50 23.00

25.80 23.80

49.70 27.40 6.19 2.16

46.30 2590 6.09 2.20

51.80 29.60 647 2.17

50.00 28.80 6.36 244

48.40 2730 634 2.13

47.60 2750 6.22 225

50.50 28.00 6.44 232

5.96
4.63

6.08

5.03

4.65

4.73

4.85

0.92
0.91

1.14

0.97

0.93

0.89

0.99

5.01
4.46

6.00

4.92

4.71

4.44

4.54

091 240 0.34

095 2.09 035

1.12 290 0.46

1.01 0.36

1.00 2.12 0.34

098 2.16 0.37

099 2.14 0.37

1.98 0.29

2.29
2.72 038
222
235 031
229 031

2.36

1.25 24.30 240.00

0.30 20.00 1.20 24.90 256.00

18.50 1.38 25.40 284.00

0.30 21.70 1.26 24.40 272.00

16.50 1.20 24.60 263.00

32.60 1.18 25.40 255.00

0.30 16.30 1.20 23.90 248.00

67.30

66.70

69.30

68.50

72.90

69.80

66.10

42.00

55.30

40.40

81.10

58.10

60.30

58.20

x5

17S8S063-2
19SS023-1

17SS063-1

51.40 38.00

50.40 32.50

45.90 35.10

86.30 10.50 47.80 10.90 3.86

70.20 9.43 4250 9.85

76.20 10.20 45.00 11.00 4.07

10.50

9.42

7.81

1.94

1.78

1.58

10.30

9.21

8.48

1.93 5.09 0.81

1.77 4.65 0.76

1.74 3.75 0.66

479 0.67
4.43

3.89 0.58

14.00 1.49 29.50 176.00

0.64 26.10 1.77 30.20 169.00

14.30 1.50 30.10 168.00

40.20

56.00

43.00

38.90

66.90

64.00

i S

Ni Cu

Zn Ga Rb Sr Nb

Cd

In

Cs Ba Ta

w Tl

Pb

Bi

Th

U

Zr

Hf

ES

i

ZD-201-A

ZD-201

14SSZD-N

14SSZD-S2

ZD-101

14SSZD-S1

ZD-202

ZD-203

18SS082-1

18SS082-2

113.10 66.44

95.28 61.32
108.00 51.10
126.00 42.80
108.20 67.06
132.00 42.90
92.68 44.73
86.10 40.65
101.00 64.80

108.00 62.60

113.90 21.92 20.80 418.24 52.55

106.30 20.79 19.03 412.26 48.29

107.00 22.40 24.30 447.00 71.80
102.00 21.60 39.80 414.00 74.20
113.10 22.37 40.96 412.96 55.07
106.00 22.00 20.50 388.00 73.20
102.38 21.65 20.92 444.70 54.92
105.70 21.91 34.93 410.00 54.40
156.00 22.30 20.90 451.00 48.80

161.00 22.70 24.50 437.00 50.00

1.86
1.66

1.60

2.64

2.81

2.78

3.10

0.11
0.11

0.25

0.22

0.08
0.08

0.08

0.08

0.09

0.07

0.07

0.49 394.90 3.28

0.39 374.30 3.04

0.48 402.00 4.03

0.36 358.00 4.15

0.37 363.00 3.41

0.18 370.00 4.12

0.42 398.29 3.17

0.31 367.21 3.13

0.29 391.00 2.84

0.14 367.00 2.91

0.64 0.13

0.60 0.22

0.51 0.16

0.53 0.11

0.60 0.12
138.00 0.09

116.00 0.07

4.60
3.56

2.41

2.60

3.89

291

3.12

3.29

2.69

2.09

0.03
0.03

0.03

0.02

0.01

0.02

0.01

3.72
3.75

3.82

427

3.63

4.27

16.47

10.29

3.31

3.14

1.20
1.14

1.02

1.29

1.14

1.18

1.23

251.80

250.70

256.00

276.00

250.80

280.00

263.40

239.90

129.00

137.00

6.03
6.02

5.82

6.18

5.79

6.22

5.72

5.35

5.40

5.68
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2021 4F 6 A

%%k 3

%S Ni Cu  Zn  Ga Rb Sr  Nb Mo

Cd

In GCs

Ba Ta w TT Pb Bi Th U Zr Hf

WIG-201 79.57 38.12 101.91 19.07 34.53 774.80 69.84 1.77

WIJG-203 77.06 38.47 88.04 19.86 33.45 825.20 74.20 2.90

WIG-204 72.94 34.16 87.37 18.78 31.68 829.50 70.36 1.73

[ 14SS012¢ 93.70 36.80 83.40 19.30 46.10 895.00 90.20 —

Xt T

14SS012b 98.30 40.30 82.30 19.70 46.90 901.00 98.00 -

1488012 90.70 37.20 78.40 19.00 45.80 874.00 89.70 —

18SS083-3 82.00 52.30 162.00 19.10 45.90 876.00 64.60 2.83

0.23

0.08
0.08

0.08

097 693.93 292 0.44 0.10 8.75 0.03 7.99 1.10 181.80 4.13

1.01 739.07 3.54 047 0.10 3.19 0.02 12.40 1.23 202.70 4.37

0.90 74293 3.70 0.45 0.09 3.00 0.02 17.89 1.13 192.30 4.32

572.00 5.07 - - 251 — 378 1.09 155.00 3.94

605.00 531 - - 271 - 1.67 168.00 4.34

572.00 492 - - 244 - 1.36 150.00 3.94

579.00 3.58 116.00 0.06 0.00 3.69 0.83 101.00 4.69

14SS004-2 40.70 45.60 100.00 22.60 32.40 768.00 53.10 —

18SS079-2 41.80 59.20 167.00 21.10 28.80 871.00 38.10

178S060-1 34.70 49.00 116.00 21.40 22.50 914.00 41.10

178S060-2 43.00 63.60 177.00 23.20 23.60 756.00 38.10

=

18SS079-1 40.00 62.20 171.00 22.00 27.20 693.00 39.90 2.03

18SS081-8 41.80 66.10 172.00 22.90 25.70 610.00 38.80

18SS081-7 42.80 63.80 167.00 21.50 26.80 603.00 37.70

1.99 0.21

1.77 0.09

2.07 0.17

0.17

1.98 0.21

1.90 0.21

0.07

0.07

0.07

0.07

0.08

0.07

318.00 3.13 - - 2.55 0.73 187.00 4.56

1.90 291.00 2.30 96.70 0.13 1.38 0.01 2.27 0.62 94.50 4.30

1.23 699.00 2.57 0.35 0.06 2.03 0.01 2.71 0.75 258.00 5.55

1.01 519.00 2.44 201.00 0.06 1.60 0.01 2.53 0.67 98.80 4.60

1.61 329.00 2.24 109.00 0.10 4.08 0.00 2.41 0.63 98.80 4.17

0.37 919.00 2.24 128.00 0.07 1.54 0.00 2.29 0.60 97.50 4.48

0.58 407.00 2.33 107.00 0.07 1.48 0.01 2.44 0.67 93.30 4.51

1785063-2
A

# 19850231

kit
1785063-1

26.60 39.20 138.00 23.10 36.20 507.00 45.70

31.10 35.70 143.00 22.70 23.00 447.00 41.10

35.50 50.50 200.00 25.00 30.20 490.00 44.90 2.51

2.10 0.14
2.16 0.27

0.22

0.09

0.1

0.09 2.50

3.07 498.00 2.69 0.47 0.32 3.87 0.01 2.83 0.92 322.00 6.75

2 11.50 411.00 2.99 177.00 0.36 6.70 0.03 4.17 0.85 266.00 7.16

464.00 2.56 129.00 0.49 3.39 0.01 2.71 0.85 128.00 5.56

S5 AT, 2 0[] i Ak T R IR Sk B A, ] AE Bl B
T T WA 5K 18] L0 Rl 2 A5 77 A2 I T 3, (%45
N —PIIE, He AT 5E 1 i Fr ik

5 g

50 ERELIRE

I 5 R e

fili 70 1R Y A FH AR A S X RE R R T R
AR, DL P SRS U 2 W B 7 TR ) R R
FIR R 3N s O K il b 5E 3% 21757 45 Nb., Ta I
Ti JGE, FHX & 4E Ze, HE ST R Y, 76 e 1f Hh e A 7
At e Rk R E (& 3b), A s B
Nb. Ta IER%, Zr. Hf TR IFARBRIERE; Q5K
il 1 5E AH F, 2 BCE R B AR Y Th/Se(0.09~
0.21, UCC,,¢=1.4) . La/Nb(0.39~ 0.83, UCC,,;~3) il
U/AIx1000(0.20~0.55, UCC,,=1) ), I 755 ili 72 1E Y
FOFERE LG . I, =K 2t 20 A B e
T st e v I oA 8 A7 B S ) b e TR A .
512 B amER

=K b 2 3R 1) Mg#(41.6~ 60.9) 1% T 5 1h
HRZSHE(Mgh=70) , HAHZ TR & 2 Ni((35.5~

5.1.1

132)x10°¢) F1 Cr((43~217.6) x10°) W i ZK T F 4
B IAE (NiR250%10°°, Cr=300x1070) BY, 25 445K B
ABE S B R AR B RGP, DL R A MgO &
H/NT 8%, R H A I KR Z R Ih A K &0 7 AE
G B HE A A 3K o 78 M A S b i o A v, ik
B 09 53 B 45 b 23 5 R I R Si0,. ALO; RIS A
AT E SR AT L MO, Ni 5 i [ I,
RIVEAT B 53 5 45 h 2> A R iR R AR 25 o0 2 (A
Ba. Nb %) (1) 7t 5 DL K MgO. CaO & & 1 A, il
MEAT 5 BHE A R IE A AE 43 B 25 U 2 5 | kS 5 A
RICE M T LUK ALO; & B MR, 70 ve &
fift T, MgO 55 SiO, Fl Ni( [ 5a. c. g) A 1Y 1IEAH
K, AR A JTTE Ba, Nb, Ta 551 &
LI RIB IR D T RONE A 1Y 4y B 4 G, MgO 5
MnO £ 7 AH5C R, 7 BE S By OMOE £ 1 Mn 7%
TR, H A B 4 R AR TP Min B 5 R DN,
QZRA A S Mn & AR, 55 Z 3N S
i, MgO 5 CaO 2 CaO/Al, 04 HIAHSEMEA (5] 5d.
e. ), ¥8 78 WA KA B 0 BRRHVE A1 03 B 4 A AR
H, MgO 5 Sc i A ¢ S 5 Cr B IEAH ¢ (1] Sh, 1)
AT BEAR LR AN AT I 5 B A5 A T LS s BRSO HE £ oT R
BRI Bu iE SR, 454 MgO 5 ALO; %A W
AR OGP, R R ALE T Ak A R A B
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Table 4 The characteristic values for REE of basalts in Sanshui Basin

B g IREE SLREE SHREE LREE/HREE 3Ce (La/Sm)y  (La/Yb)y  (SmNd)y  (Gd/Yb)y
ZD-201-A  148.66 127.53 21.13 6.035495  1.013754 0859564  2.849535  7.062646  0.724878  1.748391
ZD-201 142.64 122.57 20.07 6107125  1.024522  0.860597  2.813226  7.075381  0.739098  1.73334
14SSZD-N  143.71 123.83 19.88 6228873  1.015499 0912672  2.837208  7.828446  0.699607  2.077396
14SSZD-S2 1432 123.96 19.24 6442827  1.004446 0912795  3.003865  7.897696  0.692596  1.946561
ZD-101 143.59 123.62 19.97 6190285  1.022825  0.860257 2932838  7.464105  0.721172  1.807326
14SSZD-S1 14555 126.01 19.54 6448823 0997211 0906555  3.016472  8.095849  0.691176  2.014067
ZD-202 150.53 130.19 20.34 6400688  1.087079  0.891746  3.212998  7.447099  0.684009  1.656671
ZD-203 156.92 135.77 21.15 6419385  1.082172  0.882131  3.293932  7.591005  0.675658  1.677244
18SS082-1 14033 121.93 18.4 6.62663  1.169954  0.886326  2.715388 6396785  0.728507  1.377047
185S082-2  142.37 124.03 18.34 6762814  1.134939 0911961  2.864798  6.670718  0.695407  1.500245
WIG-201 194.11 172.97 21.14 8182119  1.085293 0900301  3.604673  10.61728  0.625134  2.03861
WIG-203 198.15 176.72 21.43 8246384  1.080107 0902901  3.628576  10.54596  0.62293  1.993814
WIG-204 182.29 162.53 19.76 8225202  1.075467  0.88765  3.718362  10.69078  0.617394  2.014172
14SS012¢ 180.42 161.05 19.37 8314404  1.04834 0912494 3350087 1224622  0.626025  2.607968
1488012b  189.39 168.82 20.57 8207098  1.037952 0916923 3283364 115914  0.634827  2.477477
1455012 178.2 159.28 18.92 8.418605  1.057321 0.9143 3333333 1247761 0.631579  2.625598
18SS083-3  180.26 161.79 18.47 8.75961 110633 0.894449 3210055  9.925627  0.626589  1.844457
14S8004-2  133.74 115.93 17.81 6.509264  1.073424 0942434 2438897 8172043  0.695115 2.429
1888079-2  125.77 109.79 15.98 6870463 1219046 0914375 2385984  6.800817  0.723493  1.631519
17SS060-1  143.88 123.08 20.8 5917308  1.042243 0912052  2.54724 649407  0.672557  1.80377
17SS060-2  134.69 117.76 16.93 6.9557 1275929 096382 2363816  7.25821  0.679487  1.828359
18SS079-1  129.47 113.06 16.41 6.889701  1.148469 097032 2262135 6541112 0.714567  1.59673
18SS081-8  129.18 113.01 16.17 6.988868 1220584 0927874 2326004 6771376  0.695944  1.666757
18SS081-7  133.77 117.23 16.54 7087666 1219853 0981563 2324684 6799071 0707692  1.65835
17SS063-2  233.39 197.36 36.03 5477658  1.089135  1.023809  2.192956 5348508  0.701641  1.768888
1988023-1  200.73 168.07 32.66 514605  1.124346 0954037  2.075487 4946115 0713122  1.715907
17SS063-1  210.06 181.57 28.49 6373113 127937 0958246 2007185  6.08334 0752137  1.620123

A PR, SRR 4 R0 — 2
5.2 bR X 4FE

52.1 BRIk ekt

Z A A WA IR AR I g R — [ R b
WS 25 5 43 s il 7 7 (R R B
W), BN Y R A R A Rl ) I TR R R 4y
I RV FH 22 1B U B T B S %) R R 3 B PN 4
(R 7= ) (A R ) B AR SR P b 8 475 A A
L I O /N v 0 P S B 0 S L e

TE , A RLLE Wang 5559 BIF 5T 5 [ 406 1l X 2 U8
DX T AR 2 2 T ARG R B0 AIE . FE R RAE AL
TR DX R AR 3 3 T B A A 8 o T AR G T
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Table 5 Calculation results of mantle melting column in Sanshui Basin
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Age datas are from [16], [17] and [21].
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Fig.11 Comparison of basalt source in Sanshui Basin with OIB, MORB, Daimao seamount and U1500 samples.

The colored arrows are the calculation results of the melting column model for samples in different regions, the arrow tails and arrows represents the source area

characteristics when partial melting starts and stops respectively; the colored blocks are the calculation results of the source area of the samples in different

areas, while Hawaii OIB, the Eastern Pacific Rise and the Mid-Atlantic Ridge MORB source areas are based on [52]; the solid gray line (near vertical )

represents the solid mantle adiabats, according to [52]; the gray dashed line is the melt fraction isopleths, according to [53];

F-partial melting fraction; the source of U1500 MORB according to [30].
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